Background: Tooth loss may be a modifiable risk factor for memory disorders, but the causal relationship has not been evaluated sufficiently.
INTRODUCTION
Epidemiological studies have reported that tooth loss is associated with Alzheimer's disease (AD) and dementia. Analysis of twins showed that tooth loss before 35 years of age was a significant risk factor for AD [1] . The Nun study, a longitudinal study of Roman Catholic nuns, found that fewer teeth (9 or less) were associated with an increased risk of dementia [2] .
A 5-year prospective cohort study among patients with type 2 diabetes showed that having no teeth was significantly associated with the risk of dementia and cognitive decline [3] . A significant relationship between natural teeth and preserved cognitive functioning [4] , significant relationships between fewer teeth (10 or less) and lower Wechsler Adult Intelligence Scale subtest scores [5] , and a significant correlation between fewer teeth and worse episodic memory [6] have been reported in cross-sectional studies. Tooth loss is considered the ultimate outcome of periodontal disease [7] ; thus, it has been hypothesized that the biological bases for the association between tooth loss, AD, and dementia may include periodontal 
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disease-derived inflammatory molecules, bacteria, and bacterial products that enhance neuroinflammation [8] . Tooth loss and periodontal disease may be putative modifiable risk factors for AD and dementia, and the identification of modifiable risk factors represents an important preventive strategy for AD and dementia.
A community-based survey reported that, among persons with mild memory impairment (MMI) [9] , defined using the Mini-Mental State Examination (MMSE), 21 .2% progressed to illnesses with dementia, including AD (10.6%), vascular dementia (4.8%), or other types of dementia (5.8%), over a period of 5 years. These individuals represent a high-risk population for AD and dementia, although they have normal general cognitive function and no impairment of the activities of daily living (ADL). MMI is comparable to mild cognitive impairment (MCI) [10] , which is an isolated memory disorder that can precede dementia [11] . In previous cross-sectional studies, we found that a low number of teeth was related to an increased prevalence of MMI [12, 13] . We hypothesized that tooth loss may be a risk factor for a preclinical stage of AD and dementia. To date, only a small number of cohort studies [2, 3, 14, 15] have investigated the causal relationships between tooth loss and memory or cognitive decline. When examining the effect of tooth loss on memory or cognitive decline, it is desirable to exclude the possible effect of the onset of impaired cognitive function during a cohort study on the onset of tooth loss. In order to achieve this, the current study chose MMI instead of cognitive impairment as our outcome variable. Impaired cognitive function induces poor oral health and tooth loss. MMI, however, is less likely to induce poor oral health relative to cognitive dysfunction due to its independence from impaired ADL. The purpose of this prospective cohort study was to examine the effect of having a low number of teeth on the development of MMI.
MATERIALS AND METHODS

Selection of subjects
This study was approved by the Medical Ethics Committee of Nara Medical University.
We used data from the baseline (in 2007 and the beginning of 2008) and follow-up (in 2012) examinations of the Fujiwara-kyo study. Written informed consent was obtained from each of the subjects prior to their participation in the baseline and follow-up examinations. The Fujiwara-kyo study [16, 17] is an ongoing cohort study of volunteer men and women who, at baseline, were independent elderly residents of Nara Prefecture aged 65 years or over and able to walk unassisted. Figure 1 shows the selection of the subjects. Among the 4,206 persons who participated in the baseline examination, 3,696 cognitively intact individuals were enrolled in the current study. By the time of the 2012 follow-up examination, 159 subjects had died, 42 had moved away, 15 had been admitted to an institution, 260 were hospitalized or were receiving medical treatment, and 734 were non-responders. Thus, 2,486 participants underwent the follow-up examination. Among the 2,486 participants, we excluded 111 individuals who had cognitive impairment at follow-up and 40 individuals who were suspected of pseudo-MMI induced by depression at follow-up. Ultimately, the 2,335 subjects who were identified as being cognitively intact or MMI at follow-up were included in the current study. 
N. Okamoto et al. / Tooth Loss and Mild Memory Impairment
779
Study design
This was a 5-year prospective cohort study.
Definition of cognitive mental status
MMI was defined according to Ishikawa et al. as follows [9] : 1) no impairment of the ADL; 2) normal general cognitive function, as determined using the MMSE (score range: 0-30)≥24 [18] ; 3) objective memory impairment, assessed by the three-word delayed recall test in the MMSE (Recall, score range: 0-3)≤1; and 4) absence of dementia or depression, diagnosed by geriatric neuropsychiatrists according to the Diagnostic and Statistical Manual of Mental Disorders, 3rd edition, revised criteria [19] . Higher MMSE and Recall scores indicate better cognitive function.
In our study, the Tokyo Metropolitan Institute of Gerontology Index of Competence [20] , a selfadministered questionnaire, was used to evaluate the ADL. The basic and instrumental ADL of all subjects were independent at baseline. The MMSE was carried out at the baseline and follow-up surveys by a psychiatrist, clinical psychologists, or graduate students who majored in psychology and were trained by a psychiatrist. The impairment of remote memory was evaluated using the Recall test. The presence or absence of depression was evaluated using the Geriatric Depression Scale short version (GDS) (score range, 0-15; cut-off score, 5/6) [21] . The GDS was included in a self-administered questionnaire survey. Higher total scores indicate a greater number of depressive symptoms. The subjects were defined as follows: "cognitively intact," an MMSE score of 24 or more plus a Recall score of 2 or 3; "MMI status," an MMSE score of 24 or more, plus a Recall score of 0 or 1, plus a GDS score of 5 or lower (depression-free); "suspected of pseudo-MMI induced by depression," an MMSE score of 24 or more, plus a Recall score of 0 or 1, plus a GDS score of 6 or more; and "cognitively impaired," an MMSE score of 23 or lower.
We identified the absence of dementia or depression operationally using the MMSE and GDS screening tests because of the need to shorten the time required for the assessments in such a large-scale communitybased survey. The prevalence of MMI in our study at baseline (2.9%: 121/4206) [13] was similar to the prevalence of Japanese community-based MCI [22, 23] identified using the criteria of Petersen et al. [11] . Therefore, the MMI subjects in this study are considered to be approximate to individuals with MCI.
Dental examinations
Dental examinations were carried out at the baseline and follow-up surveys by two dentists calibrated as to the techniques using the blinded single observer method, with both the dentist and the subject in a sitting position under artificial lighting.
The remaining teeth were defined as healthy, carious, or treated (including crowned, inlay, and abutment teeth for bridge work), inclusive of completely erupted third molars. Root tips and very loose teeth that were indicated for extraction were not included as remaining teeth. We divided the subjects into 5 groups based on the number of remaining teeth at baseline: an edentulous group and groups with 1-8, 9-16, 17-24, and 25-32 teeth. Changes in the number of teeth were defined as baseline number minus follow-up number. A decrease of a tooth category was defined as a 1 or more decrease of tooth category at follow-up (e.g., changing from the 17-24 teeth group at baseline to the 9-16 teeth group at follow-up).
The Community Periodontal Index (CPI) code of the World Health Organization (WHO) [24] was recorded to evaluate the depth of the periodontal pockets. The oral cavity was divided into 6 prescribed segments, and each segment was subjected to further examination if it contained 2 or more remaining teeth that did not require extraction. The prescribed 10 representative teeth (tooth position: 11, 16, 17, 26, 27, 31, 36, 37, 46, and 47) in the 6 segments were examined at 4 sites on every tooth using a WHO probe. Each segment was assigned to 1 of 5 code levels (code 0, healthy; code 1, gingival bleeding after probing; code 2, calculus present in the periodontal pocket; code 3, periodontal pocket 4-5 mm deep; and code 4, periodontal pocket at least 6 mm deep), or an ineligible segment (segment having 1 or zero remaining teeth). The highest code level among the 6 segments examined was regarded as the maximum CPI code for the individual.
The weighted kappa coefficients of interobserver agreement regarding the tooth category and CPI code were 0.86 and 0.55, respectively (n = 30).
Measurements of potential confounding factors for tooth loss, AD, and dementia
Assessment of education length and lifestyle
The subjects were asked in a self-administered questionnaire about their education level (less than 12 years; 12 or more years), drinking frequency (hardly drink; drink on at least 1 day a week), and smoking habits (never and ex-smoker; current smoker).
Measurement of blood pressure, interview for disease history, and drawing blood
After sitting quietly for more than 5 min, blood pressure was determined twice at an interval of 30 s using an automatic blood-pressure manometer (ES-P2100; TERUMO Co., Tokyo, Japan). An average of two measurements was used in the analyses. Each subject underwent an interview to record any history of disease (cancer, myocardial infarction, cerebrovascular disease, diabetes mellitus, hypertension, or dyslipidemia) and current medication. Blood samples were collected from an antecubital vein after an overnight fast.
Definitions of diabetes mellitus, hypertension, and dyslipidemia
Cancer, myocardial infarction, and cerebrovascular disease were determined by medical history and current medication. Diabetes mellitus was defined by medical history, current antidiabetic medication, and/or by one of the following biochemical test results according to the guidelines of the Japan Diabetes Society [25] : fasting plasma glucose level ≥126 mg/dL or hemoglobin A1c level ≥6.5%. Hypertension was defined according to the Japanese Society of Hypertension criteria [26] as follows: medical history, current use of antihypertensive medicine, and/or systolic/diastolic blood pressures 140/90 mmHg or greater. Dyslipidemia was defined by medical history, current lipid-lowering medications, and/or by one of the following biochemical test results according to the Japan Atherosclerosis Society guidelines [27] : triglycerides ≥150 mg/dL or low-density lipoprotein cholesterol ≥140 mg/dL or high-density lipoprotein cholesterol < 40 mg/dL.
Statistical analysis
Statistical analysis was performed using SPSS (version 17.0; SPSS Japan, Inc., Tokyo, Japan). Two-tailed p values were calculated in all of the analyses. The alpha level of significance was set at 0.05. Baseline characteristics were compared between subjects available for analysis and subjects excluded from the analysis using the chi-square or Mann-Whitney test. Differences in the characteristics of the 5 tooth groups at baseline were analyzed using the chi-square or Kruskal-Wallis test. Trend tests were performed using the Mantel-extension method (for categorical variables) or Jonckheere test (for continuous variables).
The age-(65-69 years, 70-74 years, 75-79 years, 80-84 years, and 85 years or more) and genderadjusted cumulative incidence of MMI was calculated by means of the direct method (reference: 25-32 teeth group) and compared by using logistic regression analysis.
Multivariate-adjusted odds ratios (ORs) and 95% confidence intervals (CIs) were determined using logistic regression analyses (forced entry method). The development of MMI was used as a dependent variable. The number of remaining teeth at baseline (continuous variable), tooth categories at baseline, and CPI codes at baseline were used as independent variables. Dental variables were added separately to each model. The effects of age (continuous variable), gender, MMSE-total, Recall, GDS, and education length were controlled in Model 1. The effects of the confounding factors used in Model 1 and the other confounding factors such as smoking, drinking, disease history, systolic and diastolic blood pressure at follow-up, and cerebrovascular disease for which treatment was initiated during the follow-up period were controlled in Model 2. Goodness of fit was assessed on the basis of the technique of Hosmer and Lemeshow.
Changes in the number of teeth and decreases of tooth category at follow-up were also used as independent variables in other logistic analyses. Adjusted ORs for a 1 or more category decrease were calculated separately for each of the tooth categories at baseline.
RESULTS
Comparison of baseline characteristics between the 2,335 subjects available for the analysis and the 1,361 subjects excluded from the analysis
At baseline, the median age (71.0 years for available versus 73.0 years for excluded), frequency of edentulism (7.6% versus 10.6%), Recall score of 2 points (24.3% versus 32.3%), and education length less than 12 years (21.8% versus 34.8%) were significantly greater in the excluded subjects. The median number of teeth (23.0 versus 20.0) was significant less in the excluded subjects. Table 1 shows the characteristics of the 2,335 subjects by the number of remaining teeth at the baseline survey. Significant associations were found between having fewer teeth and older age, lower MMSE total score, greater frequency of CPI code 4 (worse Table 1 Characteristics of 2,335 subjects by the number of remaining teeth at the baseline survey Data are given as % or median (interquartile range). * Differences between the 5 groups were analyzed using the chi-square or Kruskal-Wallis test. † A trend test was performed using the Mantel-extension method or Jonckheere test. ‡ As the 177 edentulous subjects and 86 subjects who had 1-8 teeth had lost the teeth that were the targets of the examination, they were excluded from the analysis. . Age-and gender-adjusted 5-year cumulative incidence of MMI according to the number of remaining teeth at baseline. Adjustments were made for age (65-69 years, 70-74 years, 75-79 years, 80-84 years, and 85 years or more) and gender by the direct method, and the data were tested for statistically significant differences by logistic regression analysis. || p < 0.01 and ¶p < 0.001 versus 25-32 remaining teeth.
Relationship between tooth loss and MMI
condition), Recall score of 2 points, GDS score of 6 or more, education length less than 12 years, current smoker, and a positive history of diabetes mellitus.
Among the 2,335 individuals, 241 developed MMI. Fig. 2 shows the age-and gender-adjusted cumulative incidence of MMI according to the number of remaining teeth at baseline. The cumulative incidence was 11.5% in subjects with 17-24 remaining teeth and 14.6% in subjects without any teeth, showing significant differences compared to the 7.4% cumulative incidence of MMI in subjects with 25-32 remaining teeth. Table 2 shows the multivariate-adjusted ORs for the development of MMI. After adjustment for the confounding factors in Model 2, the OR of per 1 tooth loss at baseline was 1.02 (95% CI, 1.00-1.03). The ORs for the development of MMI in subjects with 17-24, 9-16, 1-8, and zero remaining teeth were 1.58 (95% CI, 1.12-2.25), 1.17 (0.73-1.88), 1.08 (0.64-1.80), and 2.39 (1.48-3.86), respectively, compared to subjects with 25-32 remaining teeth (p for trend = 0.020). There were significant associations between having 17-24 remaining teeth and MMI, and total tooth loss and MMI. The management of hypertension and cerebrovascular disease during follow-up did not largely affect the association of tooth loss and MMI, 782 Adjusted for the confounding factors used in Model 1, alcohol intake, smoking habits, history of cancer, myocardial infarction, cerebrovascular disease, diabetes mellitus, hypertension, and dyslipidemia, and follow-up characteristics (systolic and diastolic blood pressure and cerebrovascular disease). * As the 177 edentulous subjects and 86 subjects who had 1-8 teeth had lost the teeth that were the targets of the examination, they were excluded from the analysis. Changes in the number of teeth were calculated by baseline number minus follow-up number. A decrease of a tooth category was defined as a 1 or more decrease in tooth category at follow-up. * Adjusted for age (continuous variable), gender, MMSE-total, Recall, GDS, education length, alcohol intake, smoking habits, history of cancer, myocardial infarction, cerebrovascular disease, diabetes mellitus, hypertension, and dyslipidemia, and follow-up characteristics (systolic and diastolic blood pressure and cerebrovascular disease). † In 129 of the 136 subjects, the tooth category decreased to 9-16, and it decreased to 1-8 in the other 7 subjects. ‡ In 79 of the 82 subjects, the tooth category decreased to 1-8, and the other 3 subjects had become edentulous.
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considering the slight differences in the ORs between Models 1 and 2. The OR in subjects with CPI code 4 was 1.04 (0.74-1.47) in Model 2 compared to those with code 0-3. A significant association was not found between the CPI code and MMI. Table 3 shows the effect of the decrease in the number of remaining teeth on the development of MMI. In the overall analysis, the OR of per 1 tooth change over 5 years was 1.04 (0.98-1.11), showing no significant association. No significant associations were found between the decrease of tooth category and MMI in the 25-32, 17-24, and 9-16 groups at baseline. The OR of becoming edentulous in the group with 1-8 teeth at baseline was 4.68 (1.50-14.58). A significant association was found between progressing to edentulism and the development of MMI.
DISCUSSION
We observed a significant association between per 1 tooth loss at baseline, total tooth loss, progression to edentulism in the group with 1-8 remaining teeth, and the development of MMI, even after adjustment for confounding factors. A higher rate of tooth loss after baseline reportedly increased the risk of impaired cognitive performance in a follow-up study [14] . An approximately 5.5 year earlier decline to 50% of initial word recall status was observed for individuals with fewer teeth (less than 10) compared to individuals with 10 or more teeth, irrespective of apolipoprotein E (APOE) 4 status [15] . The results of the present study corroborate the results of these previous studies showing a significant association between tooth loss and cognitive dysfunction.
Several strengths of our study should be noted. First, we examined a causal relationship in a cohort study. Second, our use of MMI as an outcome variable is another strength. We speculate that we reduced the effect of the onset of cognitive impairment on the onset of tooth loss during this cohort study by excluding individuals with cognitive impairment at the time of the follow-up assessment from the analyses. We also counted subjects with cognitive impairment who were excluded from the analysis as part of the cohort, as shown in Supplementary Table 1. After adjustment for the confounding factors in Model 2, per 1 tooth loss at baseline showed a marginally significant relationship (p = 0.063). The ORs of 17-24 and zero remaining teeth at baseline were 1.54 (95% CI, 1.14-2.08) and 1.90 (1.24-2.91) (p for trend = 0.033). The differences in the observed results between Table 2 and Supplementary Table 1 were slight. Third, we examined whether changes in the number of teeth during the duration of the study increased the risk of MMI (Table 3) . Within a limited duration of 5 years, we did not see an increase of risk of MMI in individuals with 9 or more teeth at baseline. However, we observed an increased risk of conversion from "cognitively intact" to MMI when individuals in the 1-8 group proceeded to edentulism due to additional tooth loss during the study.
The subjects that developed MMI in the current study maintained the basic and instrumental ADL at baseline. Therefore, there may be other biological bases different from a causal relationship in which a memory disorder induces poor oral conditions. Plausible biological explanations for the relationship between tooth loss and memory disorder include: 1) the inflammatory burden of periodontal disease; 2) genetic risk factors related to both periodontal disease and MMI; 3) a reduction of afferent input from sensory receptors; and 4) further confounding factors related to both tooth loss and MMI.
First, periodontal disease, which is a chronic infection of tissue surrounding the teeth by Gram-negative anaerobic bacteria, is the cause of a large number of missing teeth. Periodontal disease is related to systemic disease, such as carotid artery plaque [28] , heart disease [29] , and increased blood pressure [30] . Significant associations between the loss of periodontal attachment and worse cognitive function [31] , and significant associations between the presence of antibodies against periodontal bacteria and poor delayed verbal recall [32] and the risk of AD [33, 34] have also been reported in cross-sectional studies and a nested case-control study. Even if one loses teeth affected by periodontal disease, systemic damage may persist somewhat [28] . Inflammation has been implicated in the pathophysiology of AD [35, 36] ; it has been hypothesized that inflammatory cytokines induced by periodontal infection and bacterial endotoxins can enter the brain and exacerbate a preexisting AD inflammatory pathology [37, 38] .
Second, polymorphic cytokine genotypes may be related to periodontal disease and the risk of MMI. For example, interleukin (IL)-1A (-889) and IL-1B (+3953) gene polymorphisms are reportedly associated with the severity of periodontal disease [39, 40] and the risk of AD [41, 42] .
Third, tooth loss or the reduction of mastication may affect the central nervous system. A study revealed a decrease in the number of choline acetyltransferasepositive neurons present in the nucleus of the diagonal band/medical septal nucleus in molar crown-cut off rats [43] . A decrease in the number of pyramidal cells was observed in the hippocampal CA1 and CA3 areas of molar-loss mice [44] . The number of high-affinity tyrosine kinase B mRNA-positive cells in the hippocampal CA3 area was negatively affected by the duration of tooth loss and the number of teeth extracted [45] . These findings are based on animal models, and further investigations in humans will be needed.
Fourth, tooth loss may induce nutritional deficits and, as a consequence, tooth loss may be associated with dementia [46] . Maintaining healthy vitamin C levels can have a protective function against age-related cognitive decline and AD [47] . Total tooth loss was associated with low citrus fruit consumption and low plasma vitamin C levels [48] . Low socio-economic status, negative events earlier in life, and head trauma with maxillofacial injuries may also be confounding factors related to tooth loss and memory disorders. A significant association was not seen between the CPI code and MMI in this study ( Table 2 ). The CPI is suitable for the evaluation of current inflammatory swelling of the gingivae. Thus, the association between MMI status and the burden of past periodontal disease may be underestimated by this approach.
In Table 2 , the ORs of 9-16 and 1-8 teeth for the development of MMI were not significant, but the OR of 17-24 teeth was significant. The proportion of subjects who had CPI code 3 or 4 (worse condition) was significantly higher in the 17-24 teeth group than in the 25-32 teeth group (74.3% versus 60.5%, respectively, p < 0.001) ( Table 1 ). The subjects in the 17-24 teeth group can be expected to have had larger numbers of teeth affected by periodontal disease than those in the 25-32 teeth group. Thus, the finding that the OR of the 17-24 teeth group was significant also supports the hypothesis that periodontal disease increases the risk of MMI.
Six limitations of the present study merit consideration. The primary limitation is that our results are biased by the exclusion of subjects who did not return for the follow-up examination. The proportions of edentulous individuals and individuals with baseline Recall scores of 2 points were greater in the excluded subjects. We speculate that a high-risk population for the development of MMI was excluded in this study. It is unclear whether the association between tooth loss and MMI was overestimated or underestimated. Second, the MMSE score depends on age and education. We might have defined some participants as cognitively intact, MMI, or cognitively impaired by mistake. Third, the CPI was selected as the index for evaluating periodontal disease. The CPI is sometimes used in epidemiologic surveys; however, it is difficult to evaluate cumulative inflammatory burden using the CPI. If cost and time limitations had permitted, radiographic evaluation of alveolar bone resorption of all teeth would have been more suitable. Fourth, we did not assess the extent to which dental caries or trauma accounted for tooth loss. Thus, we might have overestimated the relationship between periodontal disease and MMI. It would be practically difficult to conduct a dental chart review to verify the reasons for the loss of every tooth in each of the participants in their respective dental clinics. Fifth, we did not assess when the subjects lost their teeth. It is unclear how long it takes for MMI to develop after a decrease in the remaining number of teeth. Finally, APOE genotyping was not performed. APOE 4 carrier status was reportedly associated with lower scores on the delayed recall examination [49] and APOE 4 allele frequency was significantly higher in patients with early stage cognitive impairment versus healthy controls [50] . Considering the presence of APOE 4 carriers in the MMI group, our findings might have overestimated the relationship between tooth loss and MMI.
Within the limitations of the study design described above, the results of this study showed that tooth loss may be an independent risk factor for MMI. Preventive measures against tooth loss at a younger age may be effective at reducing the risk of memory disorders.
